Cyclooxygenase-2 (COX-2) plays important roles in tumor development. Especially in the early-stage colorectal tumors, COX-2 expression is often observed in the tumor stroma. However, the mechanism regulating such stromal expression of COX-2 remains unknown. In the present study, we simulated the indirect interaction between epithelial cells and stromal cells in the process of colorectal tumor development using an in vitro co-culture model in which NIH3T3 fibroblasts were co-cultured with 'sparsely' or 'densely' populated intestinal epithelial cells, Intestine-407 as a model of premalignant or benign intestinal epithelial cells, and DLD-1 and Caco-2 as models of malignant epithelial cells. COX-2 expression in NIH3T3 fibroblasts was upregulated when co-cultured with the 'dense' epithelial cells regardless of their character. Interestingly, there was pericellular hypoxia in the vicinity of NIH3T3 fibroblasts when cocultured with 'dense' epithelial cells, and the recovery of the partial pressure of oxygen level resulted in the reduction of enhanced COX-2 expression only in NIH3T3 fibroblasts co-cultured with 'dense' Intestine-407 cells. Furthermore, COX-2 expression was also reduced by the inhibition of transcription factor AP-1. Thus, pericellular hypoxia of the stromal cells caused by densely populated epithelial cells may be one of the potent COX-2 enhancers before completion of malignant transformation during intestinal tumor development.
Introduction
Previous epidemiological and clinical studies indicate that the administration of NSAIDs can reduce both the size and the number of polyps not only in FAP patients but also in patients with sporadic colorectal tumors, and decrease the mortality rate of colorectal cancer (Gupta and Dubois, 2001; Ricci et al., 2003) . One of the pharmacological targets of NSAIDs is cyclooxygenase (COX), a key enzyme in the conversion of arachidonic acid to prostaglandins and other eicosanoids. Two principal isoforms of COX, COX-1 and COX-2, have been identified. COX-1 is constitutively expressed in various normal tissues and exerts a variety of physiological functions, whereas COX-2 is rapidly induced in response to a number of stimuli, including growth factors and cytokines (Smith et al., 2000; Gupta and Dubois, 2001; Ricci et al., 2003; Oshima et al., 2005) . Since many cancer tissues, including colorectal cancer tissues, produce various growth factors and cytokines (Bates et al., 1990; Salomon et al., 1995; Yarden and Sliwkowski, 2001; Tamura et al., 2002; Li et al., 2004; Montano and Djamgoz, 2004) , COX-2 derived from advanced colorectal cancer cells seems to be induced by various growth factors and cytokines within the tumors (Bates et al., 1990; Eberhart et al., 1994; Salomon et al., 1995; Gupta and Dubois, 2001; Yarden and Sliwkowski, 2001; Tamura et al., 2002; Ricci et al., 2003; Li et al., 2004; Montano and Djamgoz, 2004) . However, we and others have shown that in the earlier (premalignant) stage of colorectal tumorigenesis, that is, adenoma, COX-2 is expressed exclusively in polyp stromal cells, including macrophages, endothelial cells and fibroblasts (Eberhart et al., 1994; Gupta and Dubois, 2001; Seno et al., 2002; Ricci et al., 2003) . The regulatory mechanisms of COX-2 expression in those stromal cells in early-stage tumorigenesis are not fully understood (Hanahan and Folkman, 1996; Hoper et al., 1997; Masferrer et al., 2000; Williams et al., 2000; Chapple et al., 2002; Seno et al., 2002; Ricci et al., 2003) . In this context, we previously showed that COX-2 was expressed in the stroma of gastric hyperplastic polyps as well, a benign polypoid lesion of the stomach (Kawada et al., 2003) . Several studies have indicated that COX-2 expression is upregulated in proportion to the size of the tumors (Eberhart et al., 1994; Fujita et al., 1998; Seno et al., 2002) , consistent with our previous report regarding benign gastric hyperplastic polyps (Kawada et al., 2003) . Thus, a common regulatory mechanism of COX-2 expression appears to be present during neoplastic and non-neoplastic polyp development. Previous reports demonstrated that, in the course of colorectal tumor development, both the number and density of epithelial cells sometimes show remarkable increase compared with normal epithelium (Sonoshita et al., 2001; Preston et al., 2003; Boman et al., 2004) , and that the overgrowth of tumor cells may result in hypoxia within the tumor tissues (Nordsmark et al., 1996) . Thus, it may be considered that hypoxia within the tumor or polyp tissues induced by densely populated epithelial cells has some role in their own growth.
In the present study, therefore, using an in vitro coculture model with epithelial cells and stromal cells, we sought to examine whether increased epithelial cellular density results in COX-2 induction in adjacent stromal cells, and demonstrated that the pericellular hypoxia caused by densely populated premalignant epithelial cells contributes to the stromal COX-2 induction through the AP-1-dependent pathway.
Results
Upregulation of COX-2 expression in NIH3T3 cells by increased tumor cell density in co-culture model To simulate the interactions between stromal cells and epithelial cells in tumor development in vivo, we designed a co-culture model with fibroblasts and premalignant (benign) or malignant epithelial cells, in which fibroblasts and epithelial cells were separated by a permeable transwell insert (Figure 1a and b) . In this system, we used NIH3T3 cells as stromal cells, because they were known to produce a significant amount of COX-2 (Xie and Herschman, 1996; Smith et al., 2000) . We also used Intestine-407 cells as a model for 'premalignant (benign)' tumor cells and Caco-2 or DLD-1 cells as a model for 'malignant' tumor cells. During tumor development, the density of tumor cells sometimes shows increase as compared with normal epithelial cells (Sonoshita et al., 2001; Preston et al., 2003; Boman et al., 2004) . To examine whether such an increase of tumor cell density affected the COX-2 expression in fibroblasts adjacent to the tumor cells, we performed Western blot analysis for COX-2 protein of NIH3T3 fibroblasts co-cultured with tumor cells in the 'sparse' or 'dense' condition ( Figure 1a and b) . As shown in Figure 2 , COX-2 was expressed constitutively in NIH3T3 fibroblasts (Figure 2 , control; without co-culture). Although co-culture with DLD-1 or Caco-2 cells in 'sparse' condition did not influence COX-2 protein levels significantly, co-culture with both DLD-1 and Caco-2 cells in the 'dense' co-culture condition significantly increased the COX-2 protein levels in the NIH3T3 cells (Figure 2a) . Furthermore, COX-2 protein expression in NIH3T3 cells was also significantly increased when co-cultured with Intestine-407 cells only in the 'dense' condition, but not in the 'sparse' condition ( Figure 2b ).
Identification of humoral factors secreted from benign (Intestine-407) and malignant (DLD-1) epithelial cells that may promote COX-2 induction in fibroblasts It is widely accepted that COX-2 expression is induced by various growth factors and proinflammatory cytokines (Bates et al., 1990; Salomon et al., 1995; Oshima et al., 1996; Smith et al., 2000; Yarden and Sliwkowski, 2001; Ricci et al., 2003; Li et al., 2004; Montano and Djamgoz, 2004) . Since there was no direct contact between epithelial cells and fibroblasts in our co-culture system, it is reasonable to speculate that the increase in COX-2 expression in NIH3T3 fibroblasts observed Figure 1 In vitro co-culture models simulating colorectal tumorigenesis. (a) 'Dense' and 'sparse' co-culture models. Caco-2 or DLD-1 colon cancer cells or Intestine-407 intestinal epithelial cells were seeded in transwell inserts with DMEM þ 10% FBS at concentrations of either 2 Â 10 6 or 5 Â 10 3 cells/well to simulate a 'dense' (upper panel) or a 'sparse' (lower panel) condition, respectively, and cultured for 24 h. NIH3T3 fibroblasts were plated in 35-mm plates with serum-free DMEM at a concentration of 4 Â 10 4 cells and cultured for 3 h. Then, epithelial cells and NIH3T3 fibroblasts were co-cultured with serum-free DMEM for 24 h, and the co-cultured NIH3T3 fibroblasts were harvested. (b) Photomicrographs of 'sparse' and 'dense' conditions of epithelial cells and fibroblasts at the end point of 24-h co-culture. There was little cell-cell contact in the 'sparse' condition. On the other hand, the cells became absolutely confluent in the 'dense' condition. The magnification of photomicrographs was 40-fold. (c) To restore a low pO 2 level in the 'dense' co-culture condition, 'dense' coculture plates were gently shaken on a rotary shaker in an ordinary incubator for 24 h, as described in 'Materials and Methods'. ; epithelial cells, ; NIH3T3 fibroblasts. above was caused by some humoral factors released from the co-cultured epithelial cells. In order to clarify the humoral factors secreted from the epithelial cells that may have enhanced COX-2 expression in NIH3T3 fibroblasts, we compared a large number of gene expression profiles of not only Intestine-407 epithelial cells but also DLD-1 cancer cells cultured in the 'sparse' and 'dense' conditions using a cDNA expression array, on which representative growth factors and cytokine genes were spotted. A two-fold or higher increase or decrease of gene expression was considered to be significant. According to this definition, in Intestine-407 and DLD-1 cells, 53 and 52 genes were upregulated in the 'dense' condition as compared with the 'sparse' condition, respectively. In Intestine-407 cells, among those 53 genes, only amphiregulin has been reported to enhance COX-2 expression (Coffey et al., 1997) . However, its expression was relatively weak (Figure 3a) . IL-1b is a well-known COX-2 inducer (Coffey et al., 1997; Smith et al., 2000; Ricci et al., 2003) , and its gene expression was clearly observed in the 'sparse' as well as in the 'dense' Intestine-407 cells. However, its expression level did not differ between the 'sparse' and 'dense' culture conditions. In DLD-1 cells, in addition to amphiregulin, epidermal growth factor (EGF), interferon g (IFN-g), transforming growth factor bII (TGF-bII) and insulin-like growth factor II (IGF-II), which have been reported to enhance COX-2 expression (Han et al., 2004; Kim and Kim, 2004; Sheares et al., 2004; Slice et al., 2005; Vila-del Sol and Fresno, 2005) , were upregulated in the 'dense' condition ( Figure 3b ). On the other hand, 30 and 34 genes in Intestine-407 and DLD-1 cells, respectively, were decreased in the 'dense' condition, but there were no genes that are known to regulate COX-2 expression. To confirm these gene expression profiles, we performed enzyme-linked immunosorbent assay (ELISA) for quantification of growth factors and cytokines in each co-cultured medium. As shown in Table 1 , in case of co-culture with Intestine-407, the amounts of amphiregulin and IL-1b were slightly increased in an epithelial-cell-density-dependent manner. However, the levels of other diffusible factors except for a small amount of IGF-II were under detectable limits of the assays. On the other hand, in case of co-culture with DLD-1, the amounts of five diffusible factors were remarkably increased in the 'dense' co-culture medium as compared with the 'sparse' co-culture medium.
Therefore, in Intestine-407 cells, although there is a possibility that amphiregulin and IL-1b play roles in COX-2 induction, it is unlikely that only these two factors regulate COX-2 induction in the 'dense' culture condition. On the other hand, in DLD-1 cells, it is likely that humoral factors play roles in COX-2 induction in NIH3T3 cells under the 'dense' condition.
Upregulation of COX-2 expression in NIH3T3 cells due to the hypoxic condition It has been reported that increasing epithelial cell density results in pericellular hypoxia (Tokuda et al., 2000; Sheta et al., 2001) , and hypoxia has been reported to induce COX-2 expression in endothelial cells (Schmedtje et al., 1997; Xu et al., 2000; Wu et al., 2003) . Therefore, we next examined whether hypoxia can modulate COX-2 expression in NIH3T3 cells. We found that COX-2 protein expression in NIH3T3 cells was significantly upregulated by the true-hypoxic condition (1% O 2 , 5% CO 2 ) induced with an Anaeropack anaerobic culture system. Moreover, COX-2 expression was also significantly enhanced by mimicking hypoxia with the addition of 100 mM CoCl 2 in the culture medium for 24 h (Figure 4 ). Figure 2 COX-2 protein expression in NIH3T3 fibroblasts in co-culture models. Each 6 mg of total cell lysate was used for Western blotting, as described in 'Materials and Methods'. COX-2 protein was constitutively expressed in NIH3T3 fibroblasts (control; without co-culture). (a) COX-2 protein expression in NIH3T3 fibroblasts was significantly increased under the 'dense' condition compared with that not only in the control without co-culture but also in the 'sparse' co-culture condition with colon cancer cells DLD-1 or Caco-2.
(b) COX-2 expression in NIH3T3 fibroblasts was significantly increased under the 'dense' condition with intestinal premalignant (benign) epithelial cell Intestine-407 in the same manner. The data were expressed as values relative to the control and means7s.d. from three independent experiments are shown. *Po0.05 vs control without co-culture. **Po0.05 vs 'sparse' co-culture condition.
We then examined whether the 'dense' co-culture condition of our incubation experiment, in which we observed enhanced COX-2 expression in NIH3T3 cells, really produced pericellular hypoxia around the NIH3T3 cells. For this purpose, we measured the partial pressure of oxygen (pO 2 ) levels close to the surface of the NIH3T3 fibroblasts after a 24-h co-culture. The pO 2 in the vicinity of control NIH3T3 cells without co-culture with any epithelial cells was 18.0%. On the other hand, as shown in Figure 5a , in a co-culture incubation with DLD-1 cells, pO 2 around NIH3T3 cells in the 'sparse' and the 'dense' epithelial cell conditions were 16.2 and 11.0%, respectively. Similarly, in a co-culture incubation with Intestine-407 cells, pO 2 in the 'sparse' and the 'dense' conditions were 17.2 and 12.8%, respectively. Thus, pO 2 in the vicinity of NIH3T3 cells in the 'dense' co-culture condition with DLD-1 or Intestine-407 cells was significantly lower than that not only without coculture but also in the 'sparse' co-culture condition with the respective epithelial cells (Figure 5a , 'control' not shown). These results indicated that increasing tumor cell density, regardless of the malignant or premalignant (benign) cells, could produce hypoxia near co-cultured NIH3T3 cells in vitro.
Next, to determine whether the low pO 2 in the vicinity of co-cultured NIH3T3 cells really plays a role in 4 cells in serum-free DMEM for 3 h. Then, the cells were exposed to true hypoxia (1% O 2 , 5% CO 2 ) using an Anaeropack anaerobic culture system, or treated with 100 mM CoCl 2 to mimic the hypoxic condition for 24 h. Each 6 mg of total cell lysate was extracted for Western blotting as described in 'Materials and Methods'. Under both conditions, COX-2 protein expression was significantly upregulated as compared to the normoxic condition. The data were expressed as values relative to the control, and means7s.d. from three independent experiments are shown. *Po0.05 vs control. Hypoxia induces stromal cyclooxygenase-2 Y Uenoyama et al COX-2 induction in NIH3T3 cells, we tried to alter the pO 2 levels near the NIH3T3 cells by using a rotary shaker (Figures 1c and 5a ). As shown in Figure 5a , gentle shaking of the cells for 24 h restored the pO 2 around the NIH3T3 cells from 11.0 and 12.8 to 15.0 and 16.0% under the 'dense' co-culture conditions with DLD-1 and Intestine-407 cells, respectively, both of which were almost the same as their respective values induced under the 'sparse' co-culture conditions. Interestingly, the increased COX-2 expression in NIH3T3 cells induced by the 'dense' co-culture conditions with Intestine-407 cells was significantly reduced in association with the restoration of pO 2 in the vicinity of NIH3T3 cells by gentle shaking, whereas that induced by the 'dense' co-culture with DLD-1 cells was not altered by the restoration of pO 2 (Figure 5b ). Furthermore, gentle shaking did not affect COX-2 expression in NIH3T3 cells not only under the control condition without co-culture but also under the 'sparse' co-culture condition with Intestine-407 cells ( Figure 6 ). Thus, pericellular hypoxia appears to be mainly involved in the increase in COX-2 protein expression in NIH3T3 cells when cocultured with Intestine-407 cells, a benign epithelial cell line, but not with DLD-1 cells which are malignant cells.
Involvement of AP-1 transcriptional factor in the hypoxiamediated COX-2 expression in co-cultured NIH3T3 cells We also attempted to elucidate the intracellular mechanisms for the regulation of COX-2 induction in cocultured NIH3T3 cells with pericellular hypoxia. For that purpose, we performed an electrophoretic mobility shift assay (EMSA) with nuclear protein extracted from NIH3T3 cells co-cultured with Intestine-407 for 24 h using NF-kB, AP1, SP1 and CREB consensus oligonucleotides. As demonstrated in Figure 7 , hypoxia induced by increased epithelial cell density enhanced the DNA binding of AP-1 in NIH3T3 cells, and the DNA-protein complexes were completely abolished by the addition of a 50-fold excess amount of unlabeled consensus AP-1. Interestingly, such enhanced DNA binding of AP-1 was diminished by the restoration of pO 2 by gentle shaking. In contrast, the DNA-binding activity of NF-kB (Figure 7 ), SP1 and CREB (data not shown) were not changed in the hypoxic condition. Furthermore, to confirm the role of AP-1 pathway in COX-2 induction in co-cultured NIH3T3 cells, the 'dense' co-culture plates with Intestine-407 cells were treated with 20 mM of curcumin, which inhibits AP-1 activity (Huang et al., 1991; Lu et al., 1994; Tanaka et al., 2004; Park et al., 2005 ; Figure 7 ), for 24 h. As depicted in Figure 6 , COX-2 expression under the 'dense' co-cultured condition was Hypoxia induces stromal cyclooxygenase-2 Y Uenoyama et al significantly reduced to the same expression level with gentle shaking, although curcumin did not alter cell number and viability (data not shown).
Discussion
In the early stage of intestinal tumorigenesis, there is ample evidence that the stromal expression of COX-2 results in prostaglandin production, which contributes to tumor development through the induction of angiogenic growth factors, such as VEGF (Oshima et al., 1996; Williams et al., 2000; Sonoshita et al., 2001; Chapple et al., 2002; Seno et al., 2002) . In addition, several reports have suggested that stromal COX-2 expression can promote the neoplastic progression of intestinal epithelial cells in a paracrine manner (Sonoshita et al., 2001; Ko et al., 2002) . Thus, stromal COX-2 appears to play important roles in early-stage colorectal tumorigenesis. However, the regulatory mechanisms of stromal COX-2 induction in the process of tumor formation are still largely unknown. In this regard, we previously demonstrated that stromal COX-2 expression is increased in a polyp size-dependent manner not only in Apc D716 mouse intestinal tumors but also in benign human gastric hyperplastic polyps (Seno et al., 2002; Kawada et al., 2003) . These data imply a universal regulatory mechanism of COX-2 induction in the stromal cells regardless of the nature of the adjacent epithelial cells. While considering such regulatory mechanisms of COX-2 induction, we noticed one of the common phenomena observed during the growth of intestinal adenomatous polyps and gastric hyperplastic polyps: the increase of epithelial cell number and density (Sonoshita et al., 2001; Preston et al., 2003; Boman et al., 2004) . In addition, we are interested in the fact that COX-2 is expressed in the stromal cells that are not in direct contact with adjacent epithelial cells (Oshima et al., 1996; Chapple et al., 2002; Seno et al., 2002; Kawada et al., 2003) . In the present study, therefore, we simulated such conditions in vitro, and examined the roles of the epithelial-mesenchymal interactions in COX-2 induction in stromal cells using our co-cultured model.
First, we demonstrated that the regulation of COX-2 in NIH3T3 fibroblasts depends on the co-cultured epithelial cell number and density, regardless of the character of the co-cultured cells being benign or malignant. Furthermore, our study confirmed that the conditions without cell-to-cell contacts are capable of regulating COX-2 expression in fibroblasts. These data suggested that humoral factors secreted from epithelial cells played roles in COX-2 induction in fibroblasts. In fact, COX-2 expression has been shown to be regulated by various growth factors and cytokines, such as EGF, TGF-b, PDGF, IGF, amphiregulin, IL-1b, IFN-g and IL-6 via MAPK, NF-kB and AP-1 pathways (Smith et al., 2000; Gupta and Dubois, 2001; Ricci et al., 2003) . Moreover, it is well known that malignant cells usually produce various growth factors and cytokines (Bates et al., 1990; Salomon et al., 1995; Yarden and Sliwkowski, 2001; Tamura et al., 2002; Li et al., 2004; Montano and Djamgoz, 2004) . Furthermore, it has been reported that some of the tumorigenesis-related genes are regulated by cell density and cell-to-cell contact, in not only malignant but also benign epithelial cells (Kondoh et al., 1999; Vultur et al., 2004; Zhang et al., 2004) . Therefore, it appears reasonable to speculate that COX-2 expression in NIH3T3 fibroblasts observed in our experiment was regulated by those humoral factors secreted from the co-cultured epithelial cells. Accordingly, in order to identify such humoral factors involved in COX-2 induction, we analysed a large number of gene expressions in epithelial cells co-cultured under the 'dense' and 'sparse' conditions, and then performed ELISA assays to quantify diffusible factors in cocultured medium under the respective conditions. In the medium collected from the 'dense' co-culture with DLD-1 cells, we observed significantly increased amounts of IGF-II, TGF-b, amphiregulin, EGF and IFN-g, all of which are reported to stimulate COX-2 induction (Smith et al., 2000; Gupta and Dubois, 2001; Ricci et al., 2003) . On the contrary, under the 'dense' condition with Intestine-407 premalignant (benign) epithelial cells, among various humoral factors that are known to enhance COX-2 expression, only amphiregulin and IL-1b (Coffey et al., 1997; Smith et al., 2000; Liu et al., 2003; Ricci et al., 2003) were expressed at considerable levels in cDNA array. However, although amphiregulin and IL-1b protein expressions were slightly altered by the change in epithelial cell density, the increases were relatively weak compared to those Figure 7 Effects of epithelial-cell-density-dependent hypoxia on DNA-binding activity of AP-1 and NF-kB in NIH3T3 cells. Nuclear proteins were extracted from NIH3T3 cells co-cultured with 'sparse' or 'dense' Intestine-407 cells for 24 h. In addition, nuclear proteins were extracted from NIH3T3 cells after a 24-h coculture not only with gentle shaking, which restores hypoxia in 'dense' condition, but also with curcumin (20 mM), which inhibits AP-1 activity. The unlabelled competitor oligos ( Â 50) were incubated with nuclear extracts (0.5 mg), followed by incubation with 32 P-labeled consensus oligos. The DNA-binding activity of AP-1 was enhanced by increased-cell-density-dependent hypoxia, and diminished by not only the restoration of pO 2 but also the administration of curcumin. However, the DNA-binding activity of NF-kB (and SP1 and CREB, data not shown) was not affected by hypoxia, gentle shaking and curcumin in NIH3T3 fibroblasts.
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Y Uenoyama et al with DLD-1. These data suggested that these humoral factors in DLD-1 cells played important roles in COX-2 induction in co-cultured NIH3T3 cells in our experiment, whereas other mechanisms are involved in the increase of COX-2 protein production when co-cultured with Intestine-407 cells. Therefore, we next focused on the role of hypoxia in COX-2 induction in fibroblasts, because the increase of cell number and density may result in tissue hypoxia (Tokuda et al., 2000; Sheta et al., 2001) . Indeed, we showed here that the pO 2 levels in the vicinity of NIH3T3 cells co-cultured with 'dense' DLD-1 cells or Intestine-407 cells were significantly lower than the respective values obtained under the 'sparse' culture condition. Interestingly, the decrease of pO 2 levels in the co-cultured condition was associated with a significant increase of COX-2 production in NIH3T3 cells co-cultured with either DLD-1 cells or Intestine-407 cells. Confirming these data, we also demonstrated that not only true hypoxic condition (o1% pO 2 ) but also mimicry of hypoxia by CoCl 2 administration significantly enhanced the COX-2 protein production in NIH3T3 cells. However, an important point to be noted is that the restoration of the pO 2 levels by gentle shaking of the culture plates resulted in the reduction of the enhanced COX-2 production from NIH3T3 cells only when co-cultured with Intestine-407 cells, and not with DLD-1 cells. Thus, it is considered that hypoxia is mainly involved in COX-2 production in the co-culture with Intestine-407 cells. On the other hand, in the coculture with DLD-1 cells, enhanced production of several growth factors or cytokines in DLD-1 cells under the 'dense' co-cultured condition, as suggested by our large-scale gene analysis and ELISA assay, may have induced a significant level of COX-2 production in co-cultured NIH3T3 cells, and may have masked the effect of hypoxia. Indeed, the gene expressions and the secretions into co-cultured medium of several humoral factors that are known to enhance COX-2 production were increased only in DLD-1 cells and not in Intestine-407 cells in the 'dense' cultured condition. In this study, although we used DLD-1 cells and Intestine-407 cells as representatives of malignant and preneoplastic (benign) cells, respectively, whether premalignant (benign) cells are generally more sensitive to hypoxia than malignant cells as for COX-2 induction remains to be clarified.
In this study, we also demonstrated that cell-densitydependent hypoxia enhances the DNA-binding activity of AP-1 in nuclear extracts from the hypoxic NIH3T3 fibroblasts, whereas the binding activities of NF-kB, SP-1 and CREB were not influenced by the hypoxic stimulation, although all of these transcriptional factors are reported to be required for COX-2 expression (Xie and Herschman, 1996; Schmedtje et al., 1997; Smith et al., 2000; Xu et al., 2000; Liu et al., 2003; Kim et al., 2005) . Furthermore, the hypoxia-mediated DNA-binding activity of AP-1 was diminished by the treatment with AP-1 inhibitor, curcumin (Huang et al., 1991; Lu et al., 1994; Tanaka et al., 2004; Park et al., 2005) , followed by the reduction of COX-2 expression in NIH3T3 cells. Thus, it appears likely that hypoxia enhanced COX-2 gene expression in NIH3T3 cells via AP-1 activation in our experiment. Although DNAbinding activities of NF-kB and SP-1, which are reported to be associated with COX-2 induction in hypoxic vascular endothelial cells (Schmedtje et al., 1997; Xu et al., 2000) , were not altered in our study, it may simply be due to the difference of cell types.
In conclusion, our present study clearly demonstrated that hypoxia played an important role in COX-2 expression in stromal fibroblasts co-cultured with premalignant (benign) epithelial cells. Therefore, in the early stage of colorectal tumor development, it is possible that hypoxia induced by the increased epithelial cell density is involved in COX-2 expression in stromal cells. Whether the improvement of local hypoxia serves as a novel therapeutic strategy for inhibiting the growth of intestinal polyps with resulting cancer development remains to be examined in future.
Materials and methods
Cell culture and in vitro model of stromal and epithelial cell interactions Intestine-407 (human benign intestinal epithelial cell line), Caco-2 and DLD-1 (human colon cancer cell lines), and NIH3T3 (murine fibroblast cell line) were maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Grand Island, NY, USA) supplemented with 10% FBS (HyClone Laboratories, Inc., Logan, UT, USA) at 371C in a humidified incubator with an atmosphere of 5% CO 2 and 95% air. First, we defined the 'sparse' and 'dense' conditions. As depicted in Figure 1a , each of the cells was plated at a fixed concentration on 35 mm plates or transwell inserts (Corning Incorporated, Corning, NY, USA). Prior to co-culture assay, in order to simulate the 'dense' condition, intestinal epithelial cells (Caco-2, DLD-1 and Intestine-407) were plated in the inserts at a concentration of 2 Â 10 6 cells (Figure 1a, upper panel) . At this cell number, the cells became confluent after a 48-h incubation (Figure 1b, upper panel) . To simulate the 'sparse' condition, these cells were plated at a concentration of 5 Â 10 3 cells (Figure 1a , lower panel). At this cell number, there was essentially little cell-cell contact after a 48-h incubation (Figure 1b, middle panel) . After a 24-h incubation of epithelial cells, the medium was changed to serum-free DMEM. On the other hand, NIH3T3 fibroblasts were cultured on 35-mm plates at a concentration of 4 Â 10 4 cells in serum-free DMEM for 3 h. Then, inserts in which 'sparse' or 'dense' epithelial cells were cultured were placed onto 35-mm plates in which the fibroblasts were cultured. Following a 24-h co-culture with epithelial cells and fibroblasts, NIH3T3 fibroblasts and culture medium were harvested (Figure 1b ; lower panel). NIH3T3 fibroblasts without co-culture in serum-free DMEM were gathered as control after a 27-h culture. In addition to these co-culture systems, the same number of NIH3T3 fibroblasts were exposed to true hypoxia (1% O 2 , 5% CO 2 ) for 24 h, using an AnaeroPack simple anaerobic culture system (Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan), or were treated with 100 mM cobalt chloride (CoCl 2 ; Wako Pure Chemical Industries, Ltd, Tokyo, Japan) for 24 h to mimic the hypoxic condition. We also measured the pO 2 in the medium immediately above the monolayer cultures of NIH3T3 fibroblasts just before finishing a co-culture, using an ISO2 isolated dissolved oxygen meter and OXEL-1 electrode (World Precision Instruments, Inc., Sarasota, FL, USA), according to the manufacturer's instructions. Furthermore, to restore the low pO 2 level induced by increasing the epithelial cell density, the 'dense' co-culture plates were gently shaken on a rotary shaker at 20 r.p.m. for 24 h in an ordinary incubator, according to the method reported by Sheta et al. (2001) (Figure 1c) . To examine the role of AP-1, the 'dense' co-culture plates with Intestine-407 cells were also treated with 20 mM curcumin (Wako Pure Chemical Industries, Ltd, Tokyo, Japan), inhibitor of transcriptional factor AP-1, for 24 h.
Western blotting
After a 24-h co-culture, the NIH3T3 fibroblasts were washed twice with PBS. Total cell proteins were extracted from NIH3T3 fibroblasts by incubating the cells on ice for 5 min with TNE lysis buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% NP-40 and 50 mM NaF) containing a cocktail of protease inhibitors (Roche Diagnostics, Mannheim, Germany) and a cocktail of phosphatase inhibitors (Sigma, St Louis, MO, USA). The solution was centrifuged at 12 500 g for 10 min, and the supernatant was removed. Equal amounts (6 mg) of cell lysate proteins were resolved by electrophoresis using SDS-PAGE. Protein bands were transferred to a PVDF membrane (Immobilon-P, Millipore Corporation, Bedford, MA, USA). The membrane was incubated with an anti-COX-2 polyclonal antibody (Cayman Chemical, Ann Arbor, MI, USA) at 1:1000 dilution for 1 h at 371C and then with a horseradish peroxidase-conjugated anti-rabbit IgG antibody (Amersham Biosciences, Buckinghamshire, UK) at 1:2000 dilution for 1 h at room temperature. The COX-2 protein signal was detected with ECL reagent (Amersham Biosciences).
Gene expression profiling
Total RNA was isolated from Intestine-407 or DLD-1 cells cultured in the 'sparse' as well as the 'dense' condition, and treated with Dnase I (1 units/ml) (Promega Corporation, Madison, WI). Then, poly-A RNA was purified from total RNA with oligo(dT) latex bead chromatography, using an Oligotex-dT30 Super mRNA Purification kit (TaKaRa Bio., Tokyo, Japan). In all, 1 mg of poly-A RNA was converted into 32 P-labeled first-strand cDNA and the labeled probe was hybridized to the Atlas cDNA Expression Array (CLON-TECH Laboratories, Inc., Palo Alto, CA, USA) as instructed by the supplier. The array contained 1176 human cDNAs in which various growth factors and cytokines are included, and nine housekeeping control cDNAs, and negative controls immobilized on a nylon membrane. After hybridization and washing, the membrane was exposed to a phosphorimager for 24 h and the signals were analysed.
Enzyme-linked immunosorbent assay
To confirm the results of cDNA expression array, we collected each medium from 24-h co-cultured plates and performed ELISA assay (n ¼ 4). The amounts of IGF-II (Diagnostic Systems Laboratories, Inc., TX, USA), TGF-bII, EGF, Amphiregulin (R&D systems, Inc., Minneapolis, MN, USA), IFN-g and IL-1b (Mitsubishi Kagaku Bio-Clinical Laboratories, Inc., Tokyo, Japan) were measured according to the manufacturer's instructions. The optical densities were measured at 450 nm, with background wavelength correction set at 600 nm. The minimum detectable amounts of IGF-II, TGFbII, EGF, amphiregulin, IFN-g and IL-1b in these assays were 2.2 ng/ml, 7.0, 0.7, 10, 1.56 and 0.125 pg/ml, respectively.
Electrophoretic mobility shift assay After a 24-h co-culture with epithelial cells and fibroblasts, the nuclear protein was extracted from the NIH3T3 fibroblasts as described previously (Jobin et al., 1997) . EMSA was carried out with Gel Shift Assay Systems (Promega), according to the manufacturer's instructions. NF-kB, AP1, SP1 and CREB consensus double-stranded oligonucleotides were purchased from Promega. The probes were generated by 5 0 -end labeling of the double-strand oligonucleotides with [g-32 P]ATP (Amersham Biosciences) and T4 polynucleotide kinase (Promega). The binding of nuclear proteins (0.5 mg) to the unlabeled competitor oligos was performed in a reaction mix (total volume 9 ml) containing 4% glycerol, 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM MgCl 2 , 0.5 mM DTT, 0.5 mM EDTA and 0.5 mg of poly(dl-dC) at room temperature for 10 min. Each 32 P-labeled consensus oligo was added into the protein-DNA mixture and incubated at room temperature for 20 min. After incubation, the mixtures were resolved by electrophoresis on a 4% nondenaturing acrylamide gel and autoradiographed.
Statistical analysis
Results were expressed as means7s.d., based on three individual experiments unless otherwise indicated. All values of image densitometry studies were quantified with Scion image software and adjusted according to the ratio of sample loading. Statistical significance was assessed with MannWhitney U-test, and Po0.05 was considered to indicate statistical significance.
